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 A copolymer-in-oil tissue-mimicking material with tuneable acoustic and 
optical characteristics for photoacoustic imaging phantoms 
Lina Hacker, James Joseph, Aoife M. Ivory, Mohand O. Saed, Bajram Zeqiri, Srinath Rajagopal, Sarah E Bohndiek 
 
Abstract—Photoacoustic imaging (PAI) standardisation 
demands a stable, highly reproducible physical phantom to 
enable routine quality control and robust performance 
evaluation. To address this need, we have optimised a low-
cost copolymer-in-oil tissue-mimicking material 
formulation. The base material consists of mineral oil, 
copolymer and stabiliser with defined Chemical Abstract 
Service numbers. Speed of sound c(f) and acoustic 
attenuation coefficient α(f) were characterised over 2–10 
MHz; optical absorption µa(ʎ) and reduced scattering µs’(ʎ) 
coefficients over 450–900 nm. Acoustic properties were 
optimised by modifying base component ratios and optical 
properties were adjusted using additives. The temporal, 
thermomechanical- and photo-stability were studied, along 
with intra-laboratory fabrication and field-testing. c(f) could 
be tuned up to (1516±0.6)m·s-1 and α(f) to (17.4±0.3)dB·cm-1 
at 5MHz. The base material exhibited negligible µa(ʎ) and 
µs’(ʎ), which could be independently tuned by addition of 
Nigrosin or TiO2 respectively. These properties were stable 
over almost a year and were minimally affected by 
recasting. The material showed high intra-laboratory 
reproducibility (coefficient of variation <4% for c(f), α(f), 
optical transmittance and reflectance), and good photo- 
and mechanical-stability in the relevant working range. The 
optimised copolymer-in-oil material represents an excellent 
candidate for widespread application in PAI phantoms, with 
properties suitable for broader use in biophotonics and 
ultrasound imaging standardisation efforts. 
 
Index Terms— copolymer-in-oil, phantom, photoacoustic 
imaging, SEBS, standardization.  
I. INTRODUCTION 
HOTOACOUSTIC imaging (PAI) is an emerging 
biomedical imaging modality that reveals the spatial 
distribution of optical absorption in tissue through the 
photoacoustic effect [1], [2]. PAI has now matured into early 
clinical trials for indications ranging from oncology to 
inflammatory disease [3]–[6]. Establishing the precision and 
accuracy of new optical-imaging biomarkers through technical 
validation [7], [8] is vital for successful translation from 
research and development to adoption in healthcare systems. 
Such technical validation studies are often performed using a 
stable physical phantom to firstly, enable robust performance 
evaluation for comparison of different instruments and 
secondly, to underpin quality control for routine use. Ideally, 
such a PAI phantom should be: (1) tissue-mimicking in terms 
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of tuneable acoustic and optical properties; (2) mechanically 
robust; (3) stable over time; (4) simple and highly reproducible 
to manufacture; (5) flexible in geometry and architecture; (6) 
non-toxic; (7) made with ingredients widely available from 
scientific suppliers; and finally, (8) low cost. At present, PAI 
lacks a widely-accepted phantom that meets all of these 
requirements. 
A wide range of materials have already been proposed 
as PAI phantom candidates, including: hydrogels [9], [10]; 
polyvinyl alcohol (PVA) [11]–[14]; polyvinyl chloride plastisol 
(PVCP) [15]–[21]; silicone [22], [23]; and resin-based 
materials [24], [25]. Nonetheless, for all these materials certain 
drawbacks exist that limit their application as a durable PAI 
phantom material. Hydrogels, for example, are susceptible to 
mechanical damage, dehydration and bacterial growth in 
storage and therefore have a limited shelf life [26]–[28]. The 
longevity can be increased by careful handling or addition of 
chemicals, but common preservatives, such as formaldehyde 
[29] or benzalkonium chloride [30], are highly hazardous and 
require cautionary measures during fabrication and handling, 
especially in a clinical environment. Moreover, encapsulation 
of targets containing water-soluble dyes is required to prevent 
their diffusion within the base material. PVA cryogels exhibit 
higher structural rigidity and longevity than hydrogels, but their 
shelf-life is also limited and their preparation process involves 
long freeze-thaw cycles [31]. Slight variations in these cycles 
can lead to inhomogeneities [11], compromising 
reproducibility, and independent tunability of acoustic and 
optical parameters is limited [32]. Resin-based materials and 
silicone are characterized by unnatural speed of sound and/or 
acoustic attenuation [28], [33], [34] which are unrepresentative 
of soft tissue. PVCP has a non-trivial fabrication process with 
high preparation temperatures up to 180-220°C [18], [19], [35], 
[36]. Moreover, there is a lack of a supply chain with scientific 
suppliers [37] and some plasticizers are based on phthalates, 
which can act as reproductive and developmental toxicants 
[38], 
Recently, new materials based on copolymer-in-oil 
compositions have been reported, such as gel wax [39]–[42] or 
mixtures based on thermoplastic styrenic elastomers, such as 
polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene (SEBS) [43]–[47]. Thermoplastic elastomers are 
composed of a rigid phase made of styrene structures and a 
rubber phase made of elastomeric structures and are easily 
processable as a melt at elevated temperatures [48]. Copolymer-
P 
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in-oil materials are characterized by acoustic and optical 
properties similar to soft tissue and have good longitudinal 
stability [42], [46], [47], [49]. Fortunately, they are also cost-
effective, non-water absorbing, non-toxic and biologically inert 
[46], [50], although recipes based on commercial polymer or 
gel wax [39], [50] result in high batch-to-batch variation, 
impairing the reproducibility of the phantom fabrication. 
Moreover, copolymer-in-oil materials can be highly 
thermosensitive and the reported tunability of the acoustic 
properties is currently limited to 1480 m·s-1 [45] for speed of 
sound, which is lower than the ultrasound soft tissue standard 
of 1540 m·s-1 [51] (Supplementary Table 1). While speed of 
sound can be increased by using oil with increased viscosity 
[46] or employing additives such as paraffin wax [40] or 
glycerol [43], these can result in high acoustic attenuation [40], 
[46] or backscattering [43]. Low density polyethylene [42], [45] 
has been employed as a tuning agent, but a comprehensive 
comparison of different polyethylene types has not yet been 
performed.  
To overcome these limitations, we have optimised a 
copolymer-in-oil formulation for use as a tissue-mimicking 
phantom material for PAI, which has a facile manufacturing 
process, with all ingredients being low-cost, having defined 
Chemical Abstracts Service (CAS) numbers, and being readily 
available from standard scientific suppliers. Firstly, we show 
that the phantom material can provide independently tuneable, 
tissue-mimicking characteristics in the relevant optical 
excitation and acoustic detection ranges for biomedical PAI. 
Secondly, we demonstrate that the material exhibits sufficient 
photo-, thermomechanical- and longitudinal- stability for short- 
and long-term precision studies. Finally, we demonstrate the 
suitability of the material to create phantoms of different 
architectures for mesoscopic and macroscopic PAI instruments. 
By fulfilling the aforementioned criteria for an ideal PAI 
phantom, the developed material could facilitate PAI technical 
validation studies and represents an excellent candidate for 
future routine quality control in preclinical and clinical PAI 
applications. 
II. METHODS 
A. Phantom fabrication 
A summary of the phantom material compositions 
used for the acoustic study can be found in Supplementary 
Table 2 and for the optical study in Supplementary Table 3. In 
order to reduce batch-to-batch variability, all specified 
components have defined CAS numbers and are readily 
available from large scientific suppliers. For the acoustic study 
the following thermoplastic elastomers were tested: high 
molecular weight (MW) SEBS (Sigma Aldrich 200557-250G), 
SEBS-graft maleic anhydride (Sigma Aldrich 432431-250G), 
low MW SEBS (Sigma Aldrich 200565-250G) and 
Polystyrene-block-polybutadiene-block-polystyrene (SBS, 
Sigma Aldrich 182877-250G). Moreover, the following 
polyolefins were tested in order to increase the mechanical 
stability of the base material: Low-density Polyethylene 
(LDPE, Alfa Aesar 43949.30), Polystyrene (Sigma Aldrich 
182427-500G), Polypropylene (Sigma Aldrich 427888-1KG), 
high MW Polyethylene (Sigma Aldrich 427772-250g), linear 
LDPE (Sigma Aldrich 428078-1KG), low MW Polyethylene 
(Sigma Aldrich 427795-250g) and high-density Polyethylene 
(HDPE, Sigma Aldrich 427985-1KG). Mineral oil (Sigma 
Aldrich-330779-1L) was used as a base with a viscosity of 
14.20 - 17.00 mm2·s−1 at 40°C, a speed of sound of 1440 m·s−1 
and a density of 0.838 g·mL−1 at 25 °C. Information on the 
optical absorption profile can be found in Supplementary 
Figure 1. 5 w/v% butylated hydroxytoluene (HT, Sigma 
Aldrich W218405-1KG-K) was added as an antioxidant to all 
samples to increase the stability of material and prevent 
discolouration of SEBS at high temperatures [52].  After 
optimization, remaining studies combined a representative 
concentration of 30 w/v% high MW SEBS with 8 w/v% LDPE. 
Titanium Dioxide (TiO2, Sigma Aldrich 232033-100g) was 
added to provide optical scattering and alcohol-soluble 
Nigrosin (Sigma Aldrich 211680-100G) to provide optical 
absorption. To increase the accuracy of the optical adjustment, 
a working stock solution of Nigrosin in mineral oil (2.5 mg/ml) 
was prepared. The fabrication can be summarized in six steps 
(Figure 1): 
1. All components are weighed and the optical scattering 
(TiO2) and absorbing agents (e.g. Nigrosin) are added 
to the mineral oil in a glass beaker. 
2. For homogenous distribution within the base phantom 
matrix, the mixture is sonicated at 90°C (sonication 
frequency: 44 kHz) until the scattering and absorbing 
agents are dissolved and no aggregates are visually 
detectable (60-90 mins). 
3. Polymers and stabilizer are added to the mineral oil 
solution in their respective ratios. 
4. The complete mixture is heated up to 150°C in an oil 
bath under low stirring conditions (150 rpm) until all 
components are dissolved and no aggregates are 
visually detectable. If the polymer appears to float 
over the oil, the mixture is manually stirred using a 
metallic spatula. 
5. The solution is vacuumed for removal of air bubbles 
in a vacuum chamber for 3-5 minutes and then 
carefully poured from low height into a suitable 
phantom mould. Alternatively, a vacuum oven 
(Gallenkamp D8B, Germany, 30 mins at 120° C 
(248F) and 30 inches/Hg pressure) can be used.  
6. Once set, samples may be stored at room temperature. 
B. Acoustic characterization 
The frequency-dependent speed of sound, c(f), and 
acoustic attenuation, α(f), were evaluated using a broadband 
through-transmission substitution method employing the 
materials acoustic characterisation facility at the National 
Physical Laboratory (NPL), UK [53] (Supplementary Figure 
2A,B). A 10 MHz centre frequency ultrasound transducer of 
active element diameter 10 mm (Force Technology, Brondby, 
Denmark) was placed within a water tank filled with de-ionised 
water and driven by an Olympus 5073PR pulser–receiver 
(Olympus NDT, Waltham, MA, USA). A broadband 
hydrophone (30 mm active element diameter bilaminar 
membrane hydrophone, GEC Marconi) was used for detection. 
Waveforms were acquired using a DPO 7254 oscilloscope 
(Tektronix UK, Bracknell, UK).  
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Four acoustic pulses were acquired in each 
measurement set: a reference through-water pulse, with no 
sample present in the acoustic path; a through-sample 
transmission; together with acoustic reflections received at the 
transmitter from the front and rear surfaces of the sample.  
To assess the inherent measurement system 
uncertainty, four measurements were taken per sample, in 
which pulse energy, damping and the transducer-sample 
distance (up to 5 mm) was varied, making the measurements 
independent of these variables. The sample average and 
standard error of the mean (SEM) of the four measurements per 
sample were then calculated. The system-specific Type B 
effects on the measurements are reviewed elsewhere [54]. 
Circular samples of a diameter of 7 cm and a thickness ranging 
between 6 and 9 mm were prepared for acoustic testing. The 
water tank temperature was recorded immediately before 
measurements on any test sample using a UKAS-calibrated IP 
39C spirit-in-glass thermometer (G. H. Zeal, London, UK).  
The Transmission Loss (TL) of a given sample 
(expressed in dB·cm−1) at the frequency f was calculated using 
the expression [54]: 






] + 𝛼w(f) 
(1) 
, where d is the sample thickness (in cm), Uw(f) and Us(f) are 
the respective voltage magnitude spectra of the through-water 
and through-sample pulse, and αw(f) is the attenuation 
coefficient of ultrasound (in dB·cm−1) of pure water at the 
specific water tank temperature [55]. To remove the influence 
of interfacial losses in calculating the frequency-dependent 
attenuation coefficient (αi(f)) of the material, two thicknesses d1 
and d2 (d2 > d1) of a representative sample were taken and the 
acoustic attenuation was calculated using the two-sample 







] − log10 [
𝑈𝑠1(𝑓)
𝑈𝑤1(𝑓)
]) + 𝛼w(f) (2) 
For the most promising material recipe, the attenuation 
accounting for the interfacial losses was assessed, finding that 
the impact of the interfacial losses is negligible. The speed of 
sound c(f) (in m·s−1) was calculated using the expression [54] 
 





, where 𝑐𝑤 depicts the temperature dependent speed of sound of 
water and, θ1(f), θ2(f), θw(f) and θs(f) the corresponding 
unwrapped phase spectra of the front-reflected, back-reflected, 
through-water and through-sample voltage pulses.  
C. Optical characterization 
An in-house double-integrating-sphere (DIS) system based on 
the system developed by Pickering et al [56] (Supplementary 
Figure 2C,D) was used to determine the optical absorption (µa) 
and reduced scattering coefficients (µ’s) of the material 
samples. The system is composed of two integrating spheres 
(Avantes, AvaSphere-50, 50 cm internal diameter) between 
which the sample is placed. Each integrating sphere is 
connected to a spectrometer (Avantes, Starline Avaspec-2048) 
via an optical fibre. The reflectance sphere is connected to a 
light source (Avantes, Avalight-HAL-s-mini) via a third optical 
fibre. The measured transmission and reflectance values are 
recorded and entered into the inverse adding doubling (IAD) 
program (Source code: http://omlc.org/software/iad/)[57] to 
estimate the optical properties of the material. The IAD 
algorithm iteratively searches for a solution to the radiative 
transfer equation by assuming layered samples with 
homogeneous optical properties and uniform light illumination. 
Rectangular samples with a width of 5.9 cm, a height of 1.8 cm 
and a thickness ranging between 2 and 3 mm were prepared for 
optical testing. Sample thicknesses were determined before 
each measurement using Vernier callipers. Based on previous 
reports on a similar material type (gel wax), the scattering 
anisotropy factor (g) was taken to be g = 0.7 and the refractive 
index n = 1.4 [41]. Three measurements at distinct positions on 
the sample were taken in a wavelength range of 450 to 900 nm. 
Compression of the sample can impact the measurements [57]. 
To minimize this influence, the reflectance sphere was placed 
on a motorized stage (Thorlabs MTS50) to accurately control 
the distance between the spheres. The stage was set to zero at 
the position where the integrating spheres were perfectly 
aligned and the set distance was then adjusted according to the 
measured sample thickness. 
D. Stability studies 
Photo-, thermomechanical and longitudinal stability of 
the acoustic and optical properties were tested on representative 
phantoms composed of 30 w/v% high MW SEBS, 8 w/v% 
LDPE, 0.03 w/v% TiO2 and 300 µL Nigrosin stock solution. A 
consistent PAI readout from the phantom requires good 
photostability. Thermomechanical stability was assessed as 
materials based on thermoplastic elastomers exhibit 
temperature sensitive viscoelastic properties [48] and stability 
over the relevant working range (20-40 °C) is important. 
Finally, longitudinal stability of the phantom acoustic and 
optical properties was assessed regularly over a time frame of 
eleven months. It should be noted that while an assessment of 
the thermoelastic Grüneisen parameter was not conducted in 
this study, a detailed characterization in a similar material was 
recently reported by Bakaric et al [58].   
  
1) Photostability 
To assess the photostability of the phantom material, a 
cylindrical phantom (length: 40 mm, diameter: 28 mm) was 
fabricated from the stated composition and placed within a 
commercial photoacoustic tomography instrument (MSOT 
inVision 256-TF; iThera Medical GmbH), described in detail 
elsewhere [59]. Excitation pulses were provided by a tunable 
(660–1300 nm) optical parametric oscillator (OPO), pumped by 
a nanosecond (ns) pulsed Nd:YAG laser (10 Hz repetition rate 
up to 7 ns pulse duration). A custom optical fibre assembly 
creates a diffuse ring of uniform illumination over the imaging 
plane within the sample. The sample is coupled to the 
transducers using heavy water in a water bath. For ultrasound 
detection, 256 toroidally focused ultrasound transducers 
covering an angle of 270° are used (centre frequency of 5 MHz, 
60% bandwidth) allowing tomographic reconstruction.  
To assess the photostability, a fixed position within the 
phantom was irradiated with 17,500 laser pulses over a time 
period of 30 minutes using wavelengths between 660 and 850 
nm in 10 nm steps. Data analysis was performed using 
ViewMSOT software (v3.6.0.119; iThera Medical GmbH). 
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Model–based image reconstruction was applied and the mean 
photoacoustic signal within a region of interest (ROI) drawn 
around the circular cross section of the phantom was quantified. 
2) Thermal stability 
The degradation characteristics of the material were 
determined by thermal gravimetric analysis (TGA). TGA was 
performed using a Thermal Analysis TG Q500 instrument (TA 
instruments, New Castle, DE, USA). Sample measurements 
(sample weight approximately 4 mg) were conducted in the 
temperature range from 25 to 300 °C at a heating rate of 5 °C 
min−1. The temperature at 5 % of mass loss was determined 
using universal analysis software (TA instruments, USA). 
3) Thermo-Mechanical stability 
The viscoelastic properties of the material were 
analysed by conducting a dynamic mechanical analysis (DMA) 
using DMAQ850 instrument (TA instruments, New Castle, DE, 
USA). Length, width and thickness of the sample were 
measured using Vernier callipers (approximate size: 30 (length) 
x 10 (width) x 5 (thickness) mm3). Samples were tested in 
tensile mode, with the active length measuring approximately 
15 mm. A strain of 0.01 (1%) was applied to the sample at a 
frequency of 1 Hz while the temperature was increased from -
100 to +100 °C at a rate of 3 °C·min-1. The glass transition 
temperature (Tg) was measured at the peak of tan delta and the 
plastic flow temperature (Tf) was marked by the drop of the 
storage modulus to zero.  The loss modulus, storage modulus 
and tan(δ) were recorded using the TA instruments TRIOS 
software (v 5.0.0). The loss modulus (E′′) refers to the energy 
loss due to the viscous response of the material, whereas the 
storage modulus (E′) refers to the energy storage caused by the 
elastic response of the material. The vectoral addition of these 
two moduli is the complex modulus (E*) [60], [61]  
 𝐸∗ = √𝐸′′2 + 𝐸′2 (4) 
which can be regarded as the Young’s modulus (E) in 
Hookean materials such as biological soft tissues [62], [63].  
E. Photoacoustic imaging 
Photoacoustic imaging was performed using the 
tomography system described above and a commercial 
photoacoustic mesoscopy system (RSOM Explorer P50; both 
iThera Medical GmbH, München, Germany), described in 
detail elsewhere [64]. Laser light is generated by a 532 nm laser 
(pulses: 1 ns; ≤1 mJ/pulse) and delivered through a customized 
2-arm fibre bundle (spot size: 3.5×5 mm). Photoacoustic signals 
are detected by a spherically focused LiNbO3 detector (center 
frequency: 50 MHz; bandwidth: 10 - 90 MHz; focal diameter: 
3 mm; focal distance: 3 mm; f-number: 1). The recorded data is 
amplified by a low noise amplifier of 63 dB gain. The scanning 
head is attached to two motorised stages and coupled to the 
sample surface by an interchangeable water-filled (2 mL) 
interface.  
The base material of the phantoms was composed of 
30 w/v% high MW SEBS, 8 w/v% LDPE, 0.03 w/v% TiO2 and 
0.0007 w/v% Nigrosin. For the mesoscopic system, stainless 
steel was used to create a heat-resistant rectangular phantom 
mould of the following dimensions: length: 50 mm, width: 50 
mm, height: 7 mm. For imaging targets, three red fibres 
(diameter: 126 µm, smilco) were positioned at different depths 
(0.5, 1.5 and 2.5 mm). These demonstrate the use of our base 
material combined with user-selected targets of a different 
material. Although the fibres were not purchased from a large 
scientific supplier, after testing of different types of targets (e.g. 
wires, sutures and threads), we found that they presented the 
best compromise for an appropriate size target without 
introducing artefacts. For the tomographic system, a heat-
resistant cylindrical glass phantom mould (diameter: 28 mm) 
was fabricated out of an open-top 50 ml glass syringe (Sigma-
Aldrich, CADG5157). Two equally distanced stainless-steel 
rods (diameter: 4 mm; rod-rod distance: 10 mm) on a 
Polytetrafluoroethylene (PTFE) base were inserted into the 
glass mould. The moulds were filled with the copolymer-in oil 
material until the phantoms reached a length of 50 mm. After 
hardening, the phantoms were removed from the mould and the 
inclusions were filled, demonstrating a phantom where both the 
background matrix and target inclusions are formed of the same 
copolymer-in-oil base. For the inclusion material, a green oil-
soluble dye was chosen (0.04 w/v%, GRC 43104, Caligo safe 
wash relief inks, Cranfield Colours, Cwmbran, UK) due to its 
absorbing properties in the first near infra-red window [39] and 
suspended in the base material.  
For the RSOM image acquisition, the phantom was placed 
underneath the water-filled interface covering the scan head. 
For coupling of the phantom to the interface, degassed 
commercial ultrasound gel (Aquasonic Clear, Parker Labs) was 
used. Images were acquired over a field of view of 12 × 12 mm 
(step size: 20 μm) at 85% laser energy. For the MSOT image 
acquisition, the same sample preparations were used as in our 
standard operating procedure for in vivo imaging [64] to make 
our in vivo and in vitro imaging approach as comparable as 
possible. This involved wrapping the phantom in a thin 
polyethylene membrane using degassed commercial ultrasound 
gel as a coupling medium and inserting it into the supplied 
holder (iThera Medical). The holder was then immersed in 
degassed heavy water maintained at 34°C within the MSOT 
system. After a stabilisation period of 15 minutes, images were 
acquired through the center of the phantom using the following 
wavelengths: 660 nm, 700 nm, 730 nm, 760 nm, 800 nm, 850 
nm, 900 nm, 950 nm, 1040 nm (with an average of 10 pulses 
per wavelength). 
F. Image and Statistical analysis 
Tomographic imaging data was reconstructed using a 
model-based algorithm and analysis was performed using 
ViewMSOT software (v3.6.0.119; iThera Medical GmbH). 
Mesoscopic imaging data was reconstructed using a beam-
forming algorithm provided by the vendor (iThera Medical 
GmbH), which models the sensitivity field of the focused 
detector and generates 3-dimensional images. The subsequent 
images were analysed using MATLAB. 
All measurements in the acoustic and optical 
characterisations were performed at least three times per 
sample. Statistical analysis was performed using Prism 
(GraphPad) and MATLAB. All data are shown as mean ± SEM 
unless otherwise stated. The coefficient of variation (COV) was 
calculated as the ratio of the standard deviation (SD) to the 
mean, expressed as a percentage.  
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Fig. 1: Fabrication and characterization of the copolymer in oil-
material. The six-step fabrication procedure of the copolymer-in-oil 
material is displayed. (1) Materials for optical scattering and absorption 
are added to mineral oil and (2) sonicated at 90°C until dissolved. (3) 
Polymer(s) and stabilizer are added, and (4) the mixture is heated up in 
an oil bath to 150°C under low stirring. (5) Upon dissolution of all 
components, the sample is poured in a suitable phantom mould and (6) 
left to harden at room temperature. Created with BioRender. 
III. RESULTS 
A. Systematic optimisation of copolymer-in-oil materials 
results in high speed of sound.  
 We first sought to refine the copolymer-in-oil material 
composition to bring the speed of sound closer to the ultrasound 
soft tissue average, while keeping the acoustic attenuation close 
to tissue relevant values. To achieve this, we compared the 
acoustic performance of different base polymers of the material, 
which are thermoplastic styrenic elastomers. Phantoms were 
produced employing 40 w/v% low and high molecular weight 
(MW) SEBS, SEBS-graft-maleic anhydride and SBS, the 
dehydrogenated version of SEBS. A high percentage of 
polymer was chosen for these studies, since increasing the 
SEBS concentration has been shown to increase the speed of 
sound [46]. The sample containing high MW SEBS was 
characterized by the highest speed of sound (1471.9 ± 0.3 m·s-
1 at 5 MHz, Figure 2A) whilst having similar attenuation values 
(Figure 2B) compared to the remaining polymers tested. Higher 
molecular weight usually leads to enhanced thermal and 
mechanical properties (e.g. increase in strength, toughness and 
chemical stress crack resistance), but also to higher stiffness 
due to higher chain entanglement and decreased molecular 
mobility [65]. Notably, the sample containing SBS had the 
lowest attenuation value (4.11 ± 0.11 dB·cm-1 at 5 MHz, Figure 
2B), but as SBS is more susceptible to degradation at high 
temperatures and more prone to oxidation in the absence of 
antioxidants [48], we chose to focus on high MW SEBS as our 
base polymer. It is known that SEBS samples with low polymer 
concentrations are susceptible to plastic deformation [66]. 
Therefore, we aimed to strengthen the mechanical stability of 
the material by addition of a second polymer, which could also 
further improve the acoustic properties. We compared the 
acoustic performance of samples containing (low density) 
polyethylene (LDPE), polystyrene and polypropylene as 
additive second polymers.  
 
Fig. 2: Comparison of speed of sound and acoustic attenuation 
coefficient of samples composed of different polymer types. The 
speed of sound (A) and acoustic attenuation coefficient (B) for samples 
composed of mineral oil containing 40 w/v% high and low MW SEBS 
(HSEBS = green, LSEBS = yellow), SBS (pink), SEBS-graft-maleic 
anhydride (HSEBS-mag = light blue) and one sample composed of 30 
w/v% low MW SEBS and 10 w/v% SBS (dark blue) in a frequency range 
of 2 to 10 MHz. After selecting high MW SEBS for further study, the 
speed of sound (C) and acoustic attenuation coefficient (D) were then 
evaluated for samples composed of mineral oil containing 30% high MW 
SEBS, and a second polymer at 8 w/v%, which was either (low density) 
polyethylene (LDPE = pink), polystyrene (PS = yellow), or polypropylene 
(PP = blue). After identifying LDPE (pink) as a suitable candidate, the 
speed of sound (E) and acoustic attenuation (F) of different types of 
polyethylene (PE) were compared, including: high density polyethylene 
(HDPE, green), linear LDPE (LLDPE, yellow), low MW PE (dark blue) 
and high MW PE (light blue; all at 8 w/v%). Finally, the speed of sound 
(E; R2 = 0.9862; f(x) = 1.662·x + 1470; SSE = 21.6214) and acoustic 
attenuation coefficient (F; R2= 0.9980; f(x) = 0.276·x + 4.65; SSE = 
0.0450) at 5 MHz were evaluated for samples composed of mineral oil 
containing 30% high MW SEBS and increasing LDPE concentration. For 
all panels, data is shown as mean ± SEM for n=4 measurements per 
sample (error bars given as shaded area in A-F or explicit error bars in 
G, H; if not visible, errors are contained within the line or point). 
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Polypropylene gave the highest speed of sound within the 
tuning range (1486 ± 0.10 m·s-1 at 5 MHz, Figure 2C), but also 
the highest acoustic attenuation (9.27 ± 0.15 dB·cm-1 at 5 MHz, 
Figure 2D). 
By comparison, the sample containing LDPE was 
considerably less attenuating (6.27 ± 0.12 dB·cm-1 at 5 MHz, 
Figure 2D) with a similar speed of sound (1482 ± 0.2 m·s-1 at 5 
MHz, Figure 2C), which makes it preferable as a second 
polymer additive for our purposes. In order to identify the most 
suitable type of polyethylene, we compared the speed of sound 
(Figure 2E) and acoustic attenuation (Figure 2F) of different 
polyethylene subtypes, including: high density polyethylene 
(HDPE), linear LDPE (LLDPE), low MW PE and high MW PE 
(all at 8 w/v%). Here again, LDPE gave the most favourable 
characteristics. With LDPE identified as a suitable 
strengthening agent, we proceeded to tune the speed of sound 
of material samples with a set concentration of 30 w/v% SEBS 
by variation of LDPE content. In this way, the speed of sound 
could be increased up to a value 1516 ± 0.65 m·s-1 (Figure 2G) 
at the expense of increasing acoustic attenuation to 17.3 ± 0.26 
dB·cm-1 at 5 MHz (Figure 2H; Supplementary Table 4). For 
LDPE concentrations under 20 w/v%, the acoustic attenuation 
appeared to increase linearly (Figure 2H), with a more 
substantial increase in attenuation noted at 30 w/v%. Overall, 
the results suggest that the material would be suitable for 
mimicking the speed of sound of tissues such as breast fat and 
parenchyma (1450-1490 m·s-1), but still does not provide 
sufficient speed of sound such for tissues such skin, muscle, 
kidney or prostate (>1520 m·s-1; Supplementary Table 1). For 
mimicking fatty tissues, LDPE concentrations under 8 w/v% 
are preferable, as the acoustic attenuation becomes too large 
otherwise. 
B. Negligible optical absorption and scattering of the 
copolymer-in-oil material facilitates tuning of optical 
properties through additives.  
Next, we examined the optical properties of the 
fabricated material. We found that the optical absorption and 
scattering properties of the material increased slightly with 
LDPE concentration, however, even with one of the highest 
LDPE concentrations tested (20 v/w%) the samples showed 
negligible absorption at 800 nm and did not exceed a reduced 
scattering value of 0.24 mm-1, which is still below the threshold 
of most soft tissues [67]. As a result, it was possible to tune the 
optical properties of the material through further additives. 
Using material incorporating 30 w/v% SEBS and 8 w/v% 
LDPE, a tissue-mimicking range of optical properties [68] were 
obtained through addition of TiO2 (Figure 3A) or Nigrosin 
(Figure 3B) for reduced scattering and absorption, respectively. 
When selecting the concentrations of TiO2 and Nigrosin, we 
aimed to achieve µa and µs values in the lower range of soft 
tissues, such as breast fat (μs-1 = 0.3-0.8 mm-1; μa = 0.005- 0.03 
mm-1) [68], but higher values can be easily achieved by 
increasing the concentration of TiO2 and/or absorbing dye. The 
addition of TiO2 resulted in a linear increase in scattering 
(Figure 3C), whilst addition of Nigrosin led to a linear increase 
in absorption (Figure 3D). The optical adjustment did not 
significantly affect the speed of sound (p = 0.2204) or the 
acoustic attenuation (p = 0.3159) of the sample. These results 
suggest that the optical characteristics of the proposed material 




Fig. 3: Independent tuning of the reduced scattering and optical 
absorption coefficients by variation of titanium dioxide and 
Nigrosin concentrations. The (A) reduced scattering coefficient (µs’) 
and (B) optical absorption coefficient (µa) of a material sample 
composed of 30 % high MW SEBS and 8 % LDPE were measured at a 
wavelength range of 450 to 900 nm at varying concentrations of TiO2 
and Nigrosin using the DIS system. The variation of µs’ (C) and µa (D) 
with TiO2 and Nigrosin content is plotted for common PAI wavelengths 
(indicated with vertical lines in A and B) of 532 nm (red), 700 nm (orange) 
and 800 nm (yellow). For all panels, data is shown as mean ± SEM for 
n = 3 measurements per sample (error bars given as shaded area in A, 
B; within symbols in C, D). 
C. The copolymer-in-oil material demonstrates good photo 
and thermomechanical stability. 
With the use of pulsed lasers in PAI, it is important to 
test whether a material can withstand photobleaching during 
laser illumination. Firstly, we evaluated the photostability of the 
phantom material and exposed it to 17,500 laser pulses in the 
wavelength range of 700 to 850 nm in a time frame of 30 
minutes (Figure 4A). No significant change (slope: 0.000016 ± 
0.000017, p = 0.4147) was observed in the normalized 
photoacoustic amplitude, indicating that our material is 
photostable for at least that exposure period.   
Since many PAI systems can be expected to operate 
over a wide range of temperatures and copolymer-in-oil 
materials have previously shown a tendency to deform at 
elevated temperatures, we also assessed thermomechanical 
stability of our material, which incorporates a second polymer 
for increased mechanical stability. In order to assess 
thermostability, we conducted a thermogravimetric analysis for 
one representative formulation containing 8 w/v% LDPE and 
found less than 5% weight loss up to 152°C, suggesting that no 
major irreversible degradation occurs up to this temperature 
(Figure 4B). For assessment of the viscoelastic properties, we 
conducted a dynamic mechanical analysis (Figure 4C). We 
found the material to be stable from -63°C (= glass temperature 
Tg) to 60°C, which covers well the relevant working range of 
20 to 40°C. The storage modulus for this representative 
formulation varied in this range between 0.44 (at 20°C) and 
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0.39 MPa (at 40°C), which resembles elastic values of stiffer 
soft tissue types (e.g. meniscus (0.3-0.8 MPa) [69].  
 
Fig. 4: Photo and thermomechanical stability of the phantom 
material. (A) When exposed to up to 17,500 laser pulses in the range 
of 700 nm to 850 nm (10 nm steps) within a PAI system, no significant 
change in the normalised photoacoustic signal amplitudes could be 
detected, representatively shown here for 700 nm (black circle), 750 nm 
(black triangle), 800 nm (white circle) and 850 nm (white square). Using 
a sample composed of mineral oil containing 30 w/v% High MW SEBS 
and 8 w/v% LDPE, a thermogravimetric (B) and dynamic mechanical 
analysis (C) were performed. The thermogravimetric test revealed 95 % 
weight preservation up to a temperature of 152 °C, denoted by the 
dashed line. The sample was found to be stable in a range of -60 to 60 
°C by dynamic mechanical analysis. The storage modulus E’ is depicted 
in red, the loss modulus E’’ in blue and the damping factor tan(δ) (E’’/E’) 
in yellow.  
D. Defined acoustic and optical properties in the material 
are repeatable and temporally stable.  
 Copolymer-in-oil materials based on thermoplastic 
elastomers are thermo-reversible, allowing the material to be 
recast. Recasting affords the opportunity to prepare large 
batches of material that can later be formed into specific 
phantom objects with different geometries. Thus, we evaluated 
whether recasting affects the intrinsic properties of the material 
and found the impact to be minimal: for the acoustic properties, 
mean COVs of 0.010 ± 0.005 % (over n=3) for the speed of 
sound and 3.1 ± 1.8 % for the acoustic attenuation could be 
measured in a frequency range of 2 to 10 MHz. For the optical 
properties, mean COVs of 7.5 ± 0.2 % for the measured 
transmission spectra and 2.1 ± 0.1 % for the reflectance spectra 
could be determined in a wavelength range of 450 to 900 nm.  
Having the main constituents of the phantom material 
established, we also tested the intra-centre repeatability of our 
recipe by comparing the acoustic and optical properties of three 
independently fabricated samples made by the same operator at 
the same site (Department of Physics, University of 
Cambridge). The acoustic repeatability was found to be 
excellent with a mean COV of 0.03 ± 0.002 % for the speed of 
sound and 3.1 ± 1.3 % for the acoustic attenuation in a 
frequency range of 2 to 10 MHz. For the optical properties, 
repeatability was also found to be in an acceptable range, with 
COVs of 2.6 ± 0.005 % for the measured transmission spectra 
and 2.7 ± 0.001 % for the reflectance spectra in a wavelength 
range of 450 to 900 nm.  
Finally, we assessed the long-term stability of the 
acoustic and optical properties of our phantom material. 
Acoustic and optical measurements were undertaken regularly 
over a time frame of eleven months. Linear fits gave slopes of 
0.0014 ± 0.0043 m·s-1 for the speed of sound (Figure 5A), 
0.00030 ± 0.00019 dB·cm-1 for the acoustic attenuation (Figure 
5B), 0.00044 ± 0.00038 mm-1 for the reduced scattering 
coefficient (Figure 5C) and 0.0010 ± 0.0013 mm-1 for the 
optical absorption coefficient (Figure 5D). The slopes were not 
significantly non-zero (c(f): p = 0.77; α(f): p = 0.21; µs’: p = 
0.27, µa: p = 0.45), suggesting stability of the acoustic and 
optical properties over the investigated time frame. These 
findings taken together indicate a high repeatability of the 
material properties after recasting, with replicate fabrications 
and over time, supporting the potential of the material for use 
as a PAI phantom. 
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Fig. 5: Stability of the acoustic and optical properties of the 
copolymer-in-oil material over time. The speed of sound (A), acoustic 
attenuation (B), optical scattering coefficient (µs’) (C) and optical 
absorption coefficient (µa) (D) of a material sample composed of 30 
w/v% high MW SEBS, 8 w/v% LDPE, 0.03 w/v% TiO2 and 0.0007 w/v% 
Nigrosin stock solution are shown over a time frame of eleven months. 
For all panels, data is shown as the mean ± SEM of n = 4 measurements 
per sample (error bars within symbols in all cases). 
E. Phantom design and field testing   
For field-testing of our material, system-specific 
phantom designs for two distinct PAI systems were created. For 
the mesoscopic PAI system, a rectangular phantom was 
designed with three linearly spaced fibres embedded at specific 
depths (0.5, 1.5 and 2.5 mm) (Figure 6A, B) to test the 
homogeneity of the material in a high resolution PAI system 
and to evaluate how well targets of other materials could be 
embedded within the phantom material. The measured size of 
the fibre using PAI was found to correspond to the actual 
diameter of the fibre (average width of the signal peak 128 µm 
vs. 126 µm; Figure 6C, D). For the tomographic PAI system, a 
cylindrical phantom was created with two inclusions (diameter  
4 mm) containing a green oil-soluble dye dissolved in the same 
base material (Figure 6E, F). The measured diameters extracted  
from the photoacoustic image were found to correspond with 
the designed dimensions of the phantom (outer part: 28 mm vs 
27.7 ± 0.05 mm; inclusions: 4 mm vs 3.8 ± 0.07 mm and 3.8 ± 
0.06 mm respectively, Figure 6G,H). Furthermore, the phantom 
was cut cross-sectionally at 6 months after formation and no 
diffusion of the dye from the inclusion to the background was 
observed. In both photoacoustic systems, the material appeared 
homogeneous and no distortions of the target dimensions were 
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observed, supporting the suitability of the material for use in 
PAI.   
IV. DISCUSSION 
PAI holds tremendous potential for clinical translation, 
but consensus performance test methods for quality assurance 
and control of PAI systems are still lacking. Moreover, 
quantitative performance evaluation of systems developed in 
different laboratories for different final applications remains a 
challenge. There is an urgent need to establish a PAI phantom 
material to support the standards development in the 
community; here, we have developed, optimised and 
extensively characterised a copolymer-in-oil phantom material 
to meet this need. 
We focused initially on enhancing the tunability of 
acoustic properties in the tissue-mimicking range. By 
optimising the polymer composition and ratio, the speed of 
sound of the material was tuned to over 1500 m·s-1, which is 
higher than described before in similarly composed materials 
[39], [40], [46], [50], [70], [71]. This allows the adaptation of 
the acoustic phantom properties to match those of tissues 
relevant for photoacoustic clinical applications, including 
breast tissue [72] and fat [51] (c = 1450 – 1480 m·s-1; for LDPE 
concentrations 8 w/v %). Notably, LDPE concentrations over 
20 w/v % should be avoided to avoid substantial elevation of 
acoustic attenuation. In particular, lower LDPE concentrations 
may be preferred for high frequency photoacoustic imaging 
systems and these can be easily fabricated by decreasing the 
polymer concentration, as shown for similar SEBS-based 
material recipes [44], [46]. Higher speed of sound values 
required for mimicking tissues, such as muscle or kidney 
(>1520 m·s-1; Supplementary Table 1), could be achieved by 
choosing a plasticizer with higher viscosity [46] or by adding 
compounds such as glycerol [73], but these would lead 
respectively to higher acoustic attenuation [46] or acoustic 
backscattering [73], and reduced ease of the phantom 
fabrication. For independent tuning of acoustic backscattering 
properties, glass microspheres could be tested in future [40].  
Having established an optimal acoustic composition 
for the material, we independently tuned the optical absorption 
and reduced scattering coefficients by the addition of oil-based 
inks and titanium dioxide. Here, Nigrosin was used as a 
representative absorber, but other photostable oil-soluble inks 
mimicking the absorption spectra of endogenous chromophores 
can be incorporated instead, as shown by Maneas et al [39]. The 
high adaptability of both acoustic and optical properties 
supports the production of phantoms tailored to specific tissue 
types and applications of interest.  
Further important criteria for a PAI phantom are 
photo- and thermomechanical- stability of the intrinsic 
properties to enable reliable short- and long-term performance 
assessment of PAI systems. Our material was found to be 
photostable under the tested conditions and mechanically stable 
in the relevant working range of 20 to 40°C. It is known that the 
mechanical properties of copolymer-in-oil materials can be 
tuned in the tissue-mimicking range by adjusting the polymer 
concentration [46], [73]. The choice of plasticizer (e.g. 
viscosity, paraffinic content or molecular weight) also has been 
 
Fig. 6: Copolymer-in oil material allows the creation of versatile phantom designs for different system configurations. The design (A) and 
photograph (B) of a rectangular phantom for the mesoscopic system is shown. Three red fibres at different depths (0.5, 1.5 and 2.5 mm) act as 
imaging targets. (C) The photoacoustic x-y maximum intensity projection at 532 nm of the zoomed-in black square in (B) is displayed. (D) The 
intensity line profile of the white dotted line is shown (signal = blue, prominence = orange, width of signal peak at half maximum = grey). 
Correspondingly, the design (E), photograph (F) and photoacoustic image at 800 nm (G) of a cylindrical phantom for the tomographic system is 
shown. A green oil-soluble dye (GRC 43104; Caligo safe wash relief inks, Cranfield Colours, Cwmbran, UK) has been used as an absorber for the 
inclusions. (H) The intensity line profile of the white dotted line is shown (signal = blue, prominence = orange, width of signal peak at half maximum 
= grey). 
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shown to affect the mechanical properties [74], [75]. While the 
adaptability to tissue-relevant mechanical properties has been 
shown for tissues with lower stiffness (2-150 kPa) [46], the 
material formulation tested here (with 8 w/v% LDPE) was 
found to be similar to tissues with higher stiffness, such as 
meniscus or soft tendons (0.3-0.8 MPa) [69] due to the higher 
polymer concentration used. The concomitant change of the 
acoustic and mechanical properties with adjustment of the 
polymer concentration needs to be considered by the user when 
choosing an appropriate formulation to use for their application.  
However, the adaptability of copolymer-in-oil materials to a 
wide range of tissue-relevant elasticities, as well as their large 
linear viscoelastic domain [46], make this class of material a 
promising candidate also for mechanically-relevant fields, such 
as ultrasound elastography [46], [76], [77]. We further 
demonstrated that our material can be used to create versatile 
phantom designs for PAI systems of different configurations. 
The material showed high homogeneity during photoacoustic 
image acquisition and both endogenous inclusions made out of 
the same material type (as shown with the tomographic 
phantom) as well as exogenous targets (as shown with the 
mesoscopic phantom) can be embedded into the base matrix. 
Increasing polymer concentration also increases the viscosity of 
the melt and the stiffness of the solidified material. This should 
be considered when fabricating phantoms containing small and 
delicate structures or inclusions, as for this purpose, a lower 
viscosity substance is preferable. Concomitantly, we observed 
that with increased viscosity the melt becomes less prone to air-
bubble trapping, a problem observed in prior studies with lower 
viscosity copolymer-in-oil materials [40]. 
High reproducibility of the phantom fabrication 
procedure and ready availability of ingredients and equipment 
are further key requirements to enable widespread and 
comparable phantom manufacture in different laboratories. To 
optimise these parameters, we only chose non-toxic ingredients 
available from large scientific suppliers and simplified the 
fabrication procedure as far as possible while maintaining high 
manufacturing precision. A high intra-centre repeatability of 
the phantom fabrication procedure by the same operator was 
confirmed. Additionally, we showed that our material can be 
reused and remoulded without significantly affecting the 
acoustic and/or optical properties, which constitutes a further 
considerable advantage of the fabrication process. Importantly, 
we did not observe a statistically significant drift over a time 
frame of almost a year, thereby confirming expectations based 
on prior observations of longitudinal studies on the stability of 
oil-based materials [41], [42], [46], [49]. Controllable 
mechanical robustness in the tissue-mimicking range and high 
intrinsic stability permit long-term usage of the material in a 
wide variety of phantom applications, which also has potential 
for application in biophotonic and ultrasound imaging. 
 While the reported material appears to be an excellent 
candidate for a PAI phantom to enable technical validation 
studies, there remain some limitations of our study. Firstly, we 
were unable to test the impact of including additives to tune 
acoustic backscattering due to limitations in our testing 
equipment. Secondly, we only performed fabrication and 
imaging studies in a single centre; future studies should also 
establish the inter-centre reproducibility to exclude the impact 
of variables such as equipment or operator. Moreover, we 
focused on an acoustic characterization in the clinically relevant 
range of 1-10 MHz. Future studies should also analyse the 
acoustic properties in a higher frequency range relevant for 
photoacoustic mesoscopy and microscopy. Finally, we 
generated only relatively basic performance assessment 
phantoms for PAI systems in our study. Increased anatomical 
realism may be achieved in future using 3D-printed moulds, 
potentially even with patient-derived vascular networks, as 
shown in similar studies [40], [78]–[80]. Preliminary tests 
indicate that our material is also 3D-printable, offering an even 
wider range of flexibility in terms of processing and fabrication.  
V. CONCLUSION 
We have optimised a copolymer-in-oil material and 
demonstrated its potential for use as a PAI phantom. The 
formulation presented holds significant promise for future 
adoption as a widespread phantom in PAI, with potential 
applications in calibration, performance evaluation, and multi-
centre standardisation of PAI systems, as well as for training of 
new users. Key beneficial properties of the material are: 
i. tuneable and stable acoustic and optical properties; 
ii. good mechanical, thermo- and photo-stability in the 
relevant working range; 
iii. non-proprietary and non-toxic ingredients and 
iv. high flexibility of phantom design and fabrication.  
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